t h e t u r b u l e n c e spectra were broadband.
It was found, c o n t r a r y t o e a r l i e r r e p o r t s , t h a t t h e n a t u r a l j e t decay remained e s s e n t i a l l y unchanged f o r v a r y i n g i n i t i a l turbulence.
For a f i x e d amplitude o f t h e t o n a l e x c i t a t i o n , i n c r e a s i n g t h e i n i t i a l turbulence damped o u t the growth o f t h e i n s t a b i l i t y wave; as a r e s u l t , the e x c i t a b i l i t y , assessed from t h e mean v e l o c i t y decay
on t h e a x i s , was found t o diminish. However, the degree o f damping i n t h e a m p l i f i c a t i o n o f t h e i n s t a b i l i t y wave was o n l y s l i g h t compared t o t h e l a r g e increase i n t h e i n i t i a l turbulence. The j e t w i t h 5 p e r c e n t turbulence c o u l d be measurably a l t e r e d by e x c i t a t i o n w i t h a v e l o c i t y p e r t u r b a t i o n amplitude as l i t t l e as 0.25 percent o f t h e j e t v e l o c i t y . The amplitude e f f e c t data i n d i c a t e an upper bound o f t h e e x t e n t t o which a j e t could be e x c i t e d , and thus i t s plume shortened, by t h e plane wave, s i n g l e frequency e x c i t a t i o n . y i e l d i n g a nominally laminar boundary layer, re-emphasizes t h e profound e f f e c t of i n i t i a l boundary l a y e r s t a t e on j e t e v o l u t i o n as w e l l as on i t s e x c i t a b i l i t y . This j e t decayed t h e f a s t e s t n a t u r a l l y , and consequently, i t was t h e l e a s t e x c i t a b l e i n s p i t e o f i t s turbulence being the l e a s t . 
r o f i l e s w i t h approximately i d e n t i c a l i n i t i a l
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The i n f l u e n c e o f an a r t i f i c i a l l y imposed e x c i t a t i o n on j e t c h a r a c t e r i s t i c s i s f a i r l y well documented.1-6 I n these studies, i t was found t h a t e x c i t a t i o n c o u l d e i t h e r enhance o r suppress t u r b u l e n c e depending on t h e Strouhal number, amplitude and mode of e x c i t a t i o n , as w e l l as the Reynolds number and t h e i n i t i a l boundary l a y e r s t a t e .
What has remained p r a c t i c a l l y unknown i s t h e e f f e c t of v a r y i n g i n i t i a l turbulence on the j e t development, and consequently, on t h e s u s c e p t i b i l i t y of t h e j e t t o d i s c r e t e tone e x c i t a t i o n .
One o f t h e main d i f f e r e n c e s between a j e t engine exhaust and a l a b o r a t o r y model j e t i s i n t h e i n i t i a l core turbulence. Turbulence i n t e n s i t y i n f u l l -s c a l e T u r b o j e t (Olympus 593) and Turbofan (RB 211) en ines have been reported t o be 3 t o 1 5 percent,$ w h i l e t h a t i n a l a b o r a t o r y j e t i s t y p i c a l l y 0.5 p e r c e n t o r l e s s .
Thus, w h i l e c o n s i d e r i n g t h e p o s s i b i l i t y o f a r t i f i c i a l c o n t r o l of Ilreal l $ f * I l jets, a quej:ion natura::y can such a j e t be e x c i t e d , and i f so, t o what e x t e n t ? J e t e x c i t a t i o n experiments have been c a r r i e d o u t t a k i n g i n t o account t h e e f f e c t o f various o t h e r f a c t o r s l i k e off-round nozzle sha e s e 8 effects11 and c o m p r e s s i b i l i t y effect^.^ On t h e e f f e c t o f i n i t i a l turbulence, a s e t o f experiments have been c a r r i e d o u t by S o v i e t researchers, e.g. References 12 and 13.
Reference 13 reported a s i g n i f i c a n t l y f a s t e r j e t decay w i t h i n c r e a s i n g turbulence.
However, t h e r e a r e c o n f l i c t i n g t r e n d s i n t h e r e p o r t e d data.
Although n o t discussed, a g r e a t e r j e t decay i s i n d i c a t e d a t 5 percent i n i t i a l t u r b u l e n c e than a t 10 percent i n i t i a l turbulence.
Thus. a c a r e f u l recheck seemed t o be i n order. Also, t h e paper does n o t document o r discuss t h e nature ( s p e c t r a ) o f t h e turbulence, t h e e x i t v e l o c i t y p r o f i l e and t h e s t a t e o f t h e boundary l a y e r . Oh and Bushnell14 emphasized t h e n e c e s s i t y o f such data w h i l e comparing t h e i r numerical r e s u l t s on a m i x i n g w i t h another experiment by Vinogradov. e t a l . (see Ref. 14) .
The o b j e c t i v e o f t h e present experiment was t o gather a systematic s e t o f data on t h e e f f e c t o f i n i t i a l core t u r b u l e n c e on t h e e v o l u t i o n o f an axisymnetric j e t and i t s response t o a c o u s t i c e x c i t a t i o n .
I n t h e p r e l i m i n a r y stage, considerable e f f o r t was spent i n f a b r i c a t i n g and t e s t i n g t h e g r i d s t h a t would produce various turbulence i n t e n s i i i e s b u t leave t h e top-hat e x i t p r o f i l e unchanged.
I n t h e end, f o u r cases were F o r example, such a g r i d w i t h 80 percent blockage y i e l d e d 15 percent h i g h e r mean v e l o c i t y on t h e p e r i p h e r y than t h a t on t h e a x i s . chosen in which not only the profiles were top-hat but also the exit boundary layer thickness, shape factor and peak turbulence were approximately identical. A fifth case included is the original jet without any grid or trip having a tlnominally laminar" boundary layer; the boundary layer was 14nominally turbulent" for the other cases. These boundary layer states fa1 1 between the asymptotic "fully laminar" and " (Fig. 3(a) ), and at 1100 H z and 2200 H z for the 5 percent case (Fig. 3(b) ).
The origin of these remain unknown, but it was determined from streamwise spectral evolution that these were not amplified by the flow and thus were considered "harmless" in the present study. 
(kR)2]).
Le i s r e q u i r e d a t h i g h e r frequency t o produce a constant u l f e , a t l e a s t up t o 1050 Hz covering t h e range of e x c i t a t i o n frequencies which y i e l d a r e d u c t i o n i n t h e j e t plume a t H = 0.3.
Both Le and U'fe have been used i n t h e measurements as amplitude reference; Figs. 6(a) and (b) p r o v i d e a cross r e f e r e n c e between t h e two up t o 1050 Hz.
E x c i t a b i l i t y measurements. Figure 7(a) shows
general I n f e r e n c e o f Ref. 14 which p r e d i c t e d as much as an order o f magnitude change i n a mixing l a y e r spread r a t e depending on free-stream t u r b u l e n c e I n t e n s i t y and scale.
However, t h e r e q u i r e d turbulence t o produce s i g n i f i c a n t d i f f e r e n c e i n t h e spread r a t e appears t o be much h i g h e r i n t h e p r e d i c t i o n o f Ref. 14 than t h a t covered i n t h e present experiment.
The present data on j e t s w i t h t u r b u l e n t boundary l a y e r s agree w e l l with t h e t r i p p e d j e t data o f Ref. An i n i t i a l l y laminar boundary l a y e r r e s u l t s i n a f a s t e r j e t decay as c l e a r l y demonstrated by t h e present data. ine vaiue 0.55 hoids i n t h e incompressibie ii-range.
A t h i g h e r Mach numbers, t h e j e t deca i s slower;
e.g.. t h i s value i s 0.81 a t H = 0.5,yg 0.85 a t H = 0.6,4 e t c .
and w i t h o u t e x c i t a t i o n , a t Strouhal number, S t (= fpD/Ue) = 0.47 and of t h e e x c i t a t i o n i s p e r c e p t i b l e i n a l l cases.
However, t h e e f f e c t c l e a r l y diminishes w i t h i n c r e a s i n g i n i t i a l turbulence. The bottom f i g u r e i s f o r t h e 0.15 percent (L) case showing a much lower e f f e c t even though t h e i n i t i a l turbulence i s small; i n t h i s case, however, t h e n a t u r a l j e t decay i s a l r e a d y l a r g e . j e t a x i s ( u I c ) a r e shown i n F i g . 8(a); corresponding data w i t h and w i t h o u t e x c i t a t i o n f o r t h e f i v e cases a r e shown i n Fig. 8(b) .
(The t u r b u l e n c e measured near t h e e x i t was somewhat h i g h e r due t o (DISA 55M25) l i n e a r i z e r noise; the curves have been f a i r e d i n t h e x/D-range o f 0 t o 1 t o t h e a c t u a l l e v e l s a t t h e e x i t .
The a c t u a l e x i t l e v e l s were determined i n a separate
The present data a l s o c o n t r a s t w i t h t h e -. F i g u r e 7(b) shows t h e v a r i a t i o n o f Uc w i t h
The e f f e c t Le = 130 dB.
The turbulence i n t e n s i t y v a r i a t i o n s on the experiment, excluding t h e l i n e a r i z e r w i t h a c a r e f u l l y s t a b i l i z e d s i n g l e hot-wire).
A s i m i l a r i n f e r e n c e can be reached form these f i g u r e s as a r r i v e d from Figs. 7(a) and ( b ) .
The v a r i a t i o n o f t h e fundamental rms amplitude ( u ' f ) corresponding t o t h e f i v e e x c i t a t i o n cases o f F i g . 8(b) a r e shown i n F i g . 9.
The growth and decay o f t h e e x c i t e d I n s t a b i l i t y wave a r e represented by these curves. C l e a r l y , i n c r e a s i n g t h e i n i t i a l t u r b u l e n c e damps o u t t h e i n i t i a l growth r a t e and t h e subsequent " s a t u r a t i o n " amplitude. While ulfe/Ue i s about 0.5 percent i n a l l cases, t h e peak amplitude reached v a r i e d from about 5.3 percent a t 5 percent t u r b u l e n c e t o about 7 percent a t 0. 15 
percent turbulence. Note t h a t t h e 33 f o l d increase i n t h e i n i t i a l turbulence produced o n l y about 25 percent damping i n t h e i n s t a b i l i t y wave growth. Note a l s o t h a t t h e l o c a t i o n o f I l s a t u r a t i o n " s h i f t e d downstream s y s t e m a t i c a l l y w i t h i n c r e a s i n g turbulence. As before, t h e i n i t i a l l y laminar case d i f f e r s from t h e r e s t o f t h e data t r e n d . The maximum amplitude reached i s lower than t h e i n i t i a l l y t r i p p e d case; however t h e s a t u r a t i o n i o c a i i o n s f o r t h e two cases a r e t h e same. i n e data i n Figs. 7 t o 9 c o n s i s t e n t l y show t h a t t h e j e t w i t h t h e most i n i t i a l turbulence i s a f f e c t e d t h e l e a s t by t h e e x c i t a t i o n . Note, however, t h a t t h e data are f o r a constant amplitude o f t h e tone. One c o u l d c o n j e c t u r e t h a t i f t h e amplitude were s u i t a b l y h e l d constant r e l a t i v e t o t h e broadband i n i t i a l turbulence, t h e e x c i t a b i l i t y should have been t h e same.
-I
The mean v e l o c i t y r a t i o w i t h and w i t h o u t e x c i t a t i o n measured a t x/D = 9 on t h e j e t a x i s , denoted as Uex/U,xl i s shown i n F i g . 10 f o r v a r y i n g S t . A t about t h i s measurement l o c a t i o n t h e slope o f t h e U(x) v a r i a t i o n i s t h e l a r g e s t ( F i g . 7 ( a ) ) , and thus
Uex/Uux provides a s e n s i t i v e measure o f t h e e f f e c t o f e x c i t a t i o n . 4~1 0 F o r a l l t h e data i n F i g . 10, Le was h e l d constant a t 130 dB. Figure lO (The data i n ( b ) were taken a t an e a r l i e r t i m e when t h e 0.15 percent ( t r i p p e d ) case was n o t i n c l u d e d ) . I n both f i g u r e s , t h e minimum Uex/Uux, r e p r e s e n t i n g t h e e x c i t a t i o n c o n d i t i o n producing t h e s t r o n g e s t e f f e c t , i s found t o occur a t about S t = 0.5. The same r e s u l t was obtained by Ref. 10 f o r j e t s a t h i g h e r Mach numbers as w e l l as t h e heated j e t s .
Note t h a t a t h i g h e r S t , t h e r e i s a reverse e f f e c t o f t h e e x c i t a t i o n , p r o l o n g i n g t h e j e t developing region. This i s most pronounced f o r t h e i n i t i a l l y laminar boundary l a y e r case and occurs a t about fpB/Ue = 0.017; t h e associated t u r b u l e n c e supression phenomenon was s t u d i e d i n Refs. 5 and 15, and w i l l n o t be pursued any f u r t h e r here.
Concentrating on t h e range o f S t where t h e e f f e c t i s t o enhance mixing, we found t h a t t h e most e f f e c t i v e St-range s h i f t e d i f
Ulfe/Ue r a t h e r t h a n Le was h e l d constant.
T h i s IS demonstrated i n F i g . 11 where Uex/U,x versus S t i s shown f o r t h e 0.15 percent (L) and 0.15 percent cases. The lowest p o i n t i n these curves s h i f t s t o t h e range 0.6 t o 0.7 when Ulfe/Ue i s h e l d constant. The s h i f t c o u l d be r e c o n c i l e d from t h e f a c t t h a t a h i g h e r Le i s r e q u i r e d a t h i g h e r f p t o o b t a i n a constant u ' f e (Fig.. 6 ) .
Note
o r t i c i t y p e r t u r b a t i o n introduced i n t o t h e shear l a y e r , i t i s b e l i e v e d t o be more p e r t i n e n t i n t h e e x c i t a t i o n study.
I n passing we note t h a t i n a s i m i l a r experiment on the e f f e c t o f e x c i t a t i o n on j e t noise, i n which u'fe/Ue was k e p t constatnt, t h e maximum broadband noise am l i f i c a t i o n was a l s o found t o occur a t S t = 0.7.75
Thus, t h e f l o w mechanism which leads t o enhanced m i x i n g and a reduced j e t plume under t h e e x c i t a t i o n seems a l s o t o be r e s p o n s i b l e f o r the "excess" noise r a d i a t i o n . It was conjectured i n Ref. 15 , based on t h e observed Strouhal number dependence and v e l o c i t y spectra data, t h a t t h i s mechanism ought t o be t h e induced p a i r i n g o f the l a r g e scale coherent s t r u c t u r e s . D i r e c t proof, e.g., through f l o w v i s u a l i z a t i o n . however, has y e t t o s u b s t a n t i a t e t h i s conjecture.
The e x c i t a t i o n amplitude e f f e c t a t d i f f e r e n t S t are shown i n F i g . 12; ( a ) t o ( c ) a r e f o r M = 0.3 w h i l e (d) i s f o r H = 0.15. These data show t h e v a r i a t i o n o f Uex/Uux over t h e a v a i l a b l e range o f Le.
They provide t h e t h r e s h o l d amplitude which i s t o be exceeded i n o r d e r t o produce a measurable e f f e c t . Note t h a t f o r each S t . t h e t h r e s h o l d amplitude i s t h e l e a s t f o r t h e 0.15 percent case and the highest f o r e i t h e r t h e 0.15 percent (L) o r the 5 percent case. Note a l s o t h a t t h e t h r e s h o l d l e v e l s a r e much lower f o r t h e M = 0.15 case; t h i s can be r e c o n c i l e d by t h e f a c t t h a t Le i s n o t normalized by t h e j e t dynamic head.
The r e l a t i v e amplitude (e.g.. u'fe/U,) i s e s s e n t i a l l y doubled, for a constant Le, when t h e Mach number i s halved. One a l s o notes from Fig. 12 t h a t f o r t h e 5 percent case, a threshold o f about 125 dB produces a measurable e f f e c t .
Thus, i n v o k i n g F i g . 6, t h e amplitude uafe/Ue o f o n l y 0.25 percent was s u f f i c i e n t t o a l t e r t h e j e t w i t h 5 percent i n i t i a l turbulence.
The t h r e s h o l d assessed from F i g . 12 can be s u b j e c t i v e , b u t t h e above value agrees reasonably w i t h those reported i n both Refs. 2 and 4; t h e l a t t e r reported t h e t h r e s h o l d t o be 0.08 percent o f the dynamic head, t h e square-root o f which should be p r o p o r t i o n a l t o U'fe/Ue. F i n a l l y , we a l s o note t h a t t h e curves i n F i g . 1 2 tend t o f l a t t e n o u t a t h i g h Le i n d i c a t i n g an upper bound o f t h e e x t e n t t o which t h e j e t could be excited, and thus i t s plume shortened, by t h e present method o f e x c i t a t i o n .
Conclusions
The n a t u r a l j e t e v o l u t i o n was found t o remain unaffected f o r v a r y i n g i n i t i a l turbulence over t h e range covered i n t h e present experiment. This i s t r u e f o r j e t s w i t h i n i t i a l l y t u r b u l e n t boundary layers. and i s apparent form both mean v e l o c i t y and turbulence i n t e n s i t y v a r i a t i o n on t h e j e t a x i s . The i n i t i a l boundary l a y e r s t a t e has a profound e f f e c t on the n a t u r a l j e t e v o l u t i o n and consequently on i t s e x c i t a b i l i t y . The j e t decay i s f a s t e r i n t h e i n i t i a l l y laminar case than i n t h e i n i t i a l l y t u r b u l e n t case.
Tonal e x c i t a t i o n increases t h e decay r a t e i n both cases. However, f o r a given Strouhal number and amplitude. t h e decay r a t e o f t h e excited j e t i n e i t h e r case i s about t h e same. Thus, t h e e x c i t a b i l i t y , 1.e.. t h e change r e l a t i v e t o the corresponding 4 unexcited s t a t e , I s more pronounced i n t h e i n i t i a l l y t u r b u l e n t boundary l a y e r case.
For a g i v e n S t r o u h a l number and amplitude of t h e t o n a l e x c i t a t i o n , t h e i n s t a b i l i t y wave growth damped o u t s y s t e m a t i c a l l y w i t h i n c r e a s i n g i n i t i a l turbulence. The l o c a t i o n where t h e i n s t a b i l i t y wave reached i t s peak amplitude a l s o s y s t e m a t i c a l l y s h i f t e d downsteam w i t h i n c r e a s i n g i n i t i a l turbulence.
However, t h e e x t e n t t o which t h e peak amplitude decreased was small r e l a t i v e t o t h e l a r g e increase i n t h e i n i t i a l turbulence. The j e t w i t h t h e maximum i n i t i a l turbulence ( 5 percent) examined was very much s u s c e p t i b l e t o t h e e x c i t a t i o n and c o u l d be a l t e r e d measurably w i t h amplitude (u'fe/Ue) as l i t t l e as 0.25 percent. s i m i l a r i n j e t s w i t h d i f f e r e n t i n i t i a l turbulence; t h a t i s , t h e St-range where t h e e f f e c t i s t h e maximum i s t h e same i n a l l cases. When t h e amplitude i s h e l d constant i n terms o f t h e SPL a t t h e j e t e x i t . t h e maximum e f f e c t i s achieved a t about S t = 0.5.
However, when t h e amplitude i s h e l d constant i n terms o f t h e v e l o c i t y f l u c t u a t i o n , t h e most s e n s i t i v e St-range s h i f t s t o about 0.6 t o 0.7.
T h i s i s r e c o n c i l e d by t h e f a c t t h a t t h e nozzle impedance increases w i t h i n c r e a s i n g S t ; thus, w i t h h i g h e r S t h i g h e r SPL i s r e q u i r e d t o o b t a i n a constant
The e f f e c t o f e x c i t a t i o n Strouhal number i s Ulfe/Ue.
For a constant SPL. t h e j e t i s found t o be much more e x c i t a b l e a t M = 0.15 t h a n a t M = 0.3. This could again be viewed as an amplitude e f f e c t , as a constant SPL approximately corresponds t o a constant u ' f e and thus, t h e amplitude Ulfe/Ue i s doubled when t h e Mach number i s halved.
It appears t h a t t h e c o r r e c t amplitude parameter f o r comparative study should be t h e v e l o c i t y f l u c t u a t i o n , as t h i s represents t h e r e l a t i v e v o r t i c i t y p e r t u r b a t i o n introduced i n t o t h e shear l a y e r .
The amplitude e f f e c t data a l s o i n d i c a t e an upper bound o f t h e e x t e n t t o which a j e t could be e x c i t e d by t h e s i n g l e frequency e x c i t a t i o n . .08
